INTRODUCTION
Declarative memory depends on the hippocampus and adjacent medial temporal lobe structures (entorhinal, perirhinal, and parahippocampal cortices) (Squire et al., 2004) . One of the most widely studied examples of declarative memory is recognition-that is, the ability to judge a recently encountered item as having been presented previously. Patients with damage to the medial temporal lobe, and even patients with damage limited to the hippocampus, have impaired recognition memory (Kopelman et al., 2007; Manns et al., 2003; Wais et al., 2006) .
Functional magnetic resonance imaging (fMRI) has also been used to study recognition memory (Eichenbaum et al., 2007; Squire et al., 2007) . In the subsequent memory paradigm (Paller and Wagner, 2002) , participants study a list of items in the scanner and later take a recognition memory test outside of the scanner. Activity associated with items that will later be remembered is then compared to activity associated with items that will later be forgotten. Because the hippocampus is necessary for recognition memory (as patients with hippocampal lesions have demonstrated), one might expect to find hippocampal activity during learning that is predictive of subsequent recognition. Yet, such hippocampal activity has been found only in some studies. The studies that have found hippocampal activity to be predictive of subsequent memory have typically involved tests of source memory or associative memory, not simple tests of recognition based on old/new judgments. For example, in studies of source memory, hippocampal activity was greater during learning when an item was later remembered together with some additional information about the study episode (e.g., the item was printed in red, not green) than when the item was later forgotten or remembered without source information (e.g., Davachi et al., 2003; Kensinger and Schacter, 2006; Ranganath et al., 2004 ; but see Gold et al., 2006) .
A common interpretation of these findings is that hippocampal activity predicts subsequent recognition when decisions are based disproportionally on recollection and not when decisions are based primarily on familiarity (Brown and Aggleton, 2001; Eichenbaum et al., 2007; Diana et al., 2007) . Recollection and familiarity are two component processes thought to underlie recognition memory (Mandler, 1980) . Recollection involves remembering specific contextual details about a prior learning episode (for example, source information). Familiarity involves knowing that an item was presented without having available any additional information about the learning episode.
Recollection-based decisions and familiarity-based decisions also reflect strong memories and weak memories, respectively (Squire et al., 2007; Wixted, 2007) . For example, items that are recognized and also accompanied by source information typically reflect stronger memories than items that are recognized but not accompanied by source information (Gold et al., 2006; Slotnick and Dodson, 2005) . This perspective suggests that activity in hippocampus during learning, as well as activity in perirhinal cortex, should under appropriate conditions correlate positively with subsequent memory strength. This should occur even for simple tasks of recognition memory that involve no explicit recollective component and where participants make judgments of memory strength but make no distinction between recollection-based and familiarity-based decisions.
Another expectation about the relationship between brain activity and subsequent memory strength arises from findings in cortical regions (including prefrontal cortex, medial parietal cortex [posterior cingulate/precuneus], and inferior parietal cortex) of higher activity for subsequently forgotten information than for subsequently remembered information Otten and Rugg, 2001b; Reynolds et al., 2004; Wagner and Davachi, 2001 ). Some of these regions are a part of what has been termed the default network, which comprises the medial prefrontal cortex, posterior cingulate, retrosplenial cortex, and inferior parietal lobe, as well as medial temporal lobe structures (Binder et al., 1999; Buckner et al., 2008; Raichle et al., 2001) . It has been suggested that activity in some of these brain regions, as well as other regions, signals mind-wandering or inattention (Mason et al., 2007; Weissman et al., 2006) . From these findings, one might expect that activity within a number of regions, including but not limited to regions identified with the default network, might correlate negatively with subsequent memory strength.
We tested with fMRI how brain activity relates to subsequent memory strength, first examining the whole brain and then focusing on the medial temporal lobe. Participants were scanned as they studied a list of words and then were given a test of recognition memory outside the scanner. To indicate memory strength, participants assigned confidence ratings to old and new words on a six-point scale.
RESULTS

Behavioral Performance
The distribution of responses on the recognition memory test is presented in Figure 1 . Overall, participants scored 78.8% ± 9.6% correct (hit rate, 82.4% ± 12.7%; false alarm rate, 24.9% ± 10.6%; d 0 , 1.79 ± 0.72). Study words were back-sorted according to the memory confidence rating subsequently assigned to each word on the recognition memory test. Despite a high overall miss rate on the recognition memory test, there were relatively few high-confidence miss trials (mean, 9.4; range, 0-31). Accordingly, we combined memory strengths 1 and 2 into a single memory strength bin for fMRI analyses. This procedure resulted in a mean of 32.0 ± 6.5, 30.6 ± 7.1, 37.8 ± 8.6, 54.8 ± 10.6, and 202.4 ± 25.1 words in memory strength bins 1&2, 3, 4, 5, and 6, respectively. Mean reaction times (RTs) during the study trials were 915 ± 52, 956 ± 48, 980 ± 50, 1005 ± 49, and 1046 ± 40 ms for memory strengths 1&2, 3, 4, 5, and 6, respectively. Longer RTs at study were associated with higher memory strengths at test (linear trend, F (1,11) = 4.93, p < 0.05).
fMRI Results First, we identified regions in which activity varied either positively or negatively during study as a function of subsequent memory strength. Specifically, we conducted a linear trend analysis on the whole-brain data with the coefficients À2, À1, 0, 1, and 2 assigned to memory strengths 1&2, 3, 4, 5, and 6, respectively. The resulting statistical map was thresholded at a voxel-wise p value of p < 0.002 and a spatial-extent threshold of 32 contiguous voxels (256 mm 3 , p < 0.005). Table 1 (top section) lists regions that demonstrated a significant linear trend relating fMRI activity at study to memory strength at test. In each case, fMRI activity and memory strength were negatively correlated. That is, fMRI activity was higher in these functionally defined regions during presentation of words that would subsequently be forgotten than during presentation of words that would subsequently be remembered. Figures 2A-2C show the five largest regions: right anterior prefrontal cortex, right posterior prefrontal cortex, bilateral inferior parietal cortex, and a posterior midline cortical region. Figure 2D shows the activity associated with each memory strength for each of these five functionally defined regions. Previous studies have also observed this inverse subsequent memory effect (i.e., greater activity during study for subsequently forgotten items than subsequently remembered items) in these same regions or closely adjacent regions: dorsolateral prefrontal cortex, posterior midline regions, and inferior parietal cortex Otten and Rugg, 2001b; Reynolds et al., 2004; Wagner and Davachi, 2001 ). Some of these regions (bilateral inferior parietal cortex and the posterior midline) have been identified as belonging to the ''default network,'' i.e., a set of brain regions that are active during rest conditions Raichle et al., 2001 ). Related to this idea, activity in these and other regions has also been found to correlate with mind wandering (Mason et al., 2007) and lapses of attention (Weissman et al., 2006) . Thus, the increased fMRI activity associated with subsequently forgotten words may represent task-irrelevant mental activity that leads to encoding failures.
Also in the whole brain, several regions exhibited activity that was higher for the study task than for the baseline task and also varied positively with subsequent memory strength (thresholded at a voxel-wise p value of 0.005 and a spatial-extent threshold of 38 continuous voxels; 304 mm 3 , p < 0.005, see Table S1 available online). Among these regions was the left inferior frontal gyrus. This finding is consistent with previous reports that the left inferior frontal gyrus exhibits higher activity during orienting tasks that predict subsequent memory success and that activity is also higher in this region for subsequently remembered items than for subsequently forgotten items (e.g., Reynolds et al., 2004; Wagner et al., 1998) . Next, we inclusively masked Weissman et al., 2006) regions in the medial temporal lobe where there was activity associated with the experimental task (study words minus baseline) with regions where activity during word presentation predicted subsequent memory. Initially, we looked for regions where activity varied across all memory strengths but did not find any regions where the relationship was positive. We then reasoned that participants might not have been fully engaged in the study task in the case of items that were subsequently forgotten (items with memory strengths 1&2 or 3) and were instead engaged in task-irrelevant activity. Indeed, this reasoning was consistent with the finding that activity in a number of regions, including regions where activity has been related to inattention and mind wandering, was high for the subsequently forgotten items. Accordingly, we restricted our analysis to subsequently remembered items (items with memory strengths of 4, 5, or 6). Specifically, we conducted a linear trend analysis on the medial temporal lobe data for the subsequently remembered items. The resulting statistical map was thresholded at a voxelwise p value of p < 0.005 and a spatial-extent threshold of 10 contiguous voxels (80 mm 3 , p < 0.005). Table 1 lists the four regions within the medial temporal lobe that were identified by this analysis: left temporopolar cortex, left perirhinal cortex, right anterior hippocampus, and left hippocampus ( Figures 3A-3C ). These functionally defined regions exhibited activity during learning that was positively correlated with subsequent memory strength ( Figure 3D ). An ANOVA revealed no Region 3 Memory Strength interaction [F (6,78) = 1.3, p > 0.2], indicating that the relationship between memory strength and activity was similar across regions. Two additional ANOVAs, comparing the left or right hippocampus with left perirhinal cortex, also revealed no difference in the relationship between activity and memory strength [F values < 1.5, p values > 0.2] . Time courses of the activity in each of the four regions are presented in Figure S1 .
To explore further the relationship between brain activity and memory strength in these four medial temporal lobe regions, we also extracted for each region the signal for subsequent memory strengths 1&2 and 3 in order to illustrate activity in these regions across all five memory strengths ( Figure S2 ).
DISCUSSION
We measured brain activity with fMRI during an incidental learning task and later collected confidence judgments during a postscan recognition memory test. There were two main findings. First, in regions within what has been termed the default network, as well as in other regions, activity negatively correlated with subsequent memory strength. Second, in the medial temporal lobe, activity in both the hippocampus and perirhinal cortex positively correlated with the subsequent memory strength of remembered items. The finding that activity in prefrontal cortex, inferior parietal cortex, and the posterior midline (which include regions of the default network) decreased with increasing subsequent memory strength (Figure 2 ) is consistent with previous fMRI reports. Thus, in earlier studies, activity in these structures for items that were subsequently forgotten was greater than for items that were subsequently remembered with high confidence Otten and Rugg, 2001b) . We extended these results by showing that activity was negatively associated with subsequent memory across five levels of memory strength. The default network was originally identified as consisting of areas that were more active during resting states than during cognitive tasks of interest Raichle et al., 2001; Shulman et al., 1997) . Interestingly, activity within these regions, as well as other regions, was subsequently linked to momentary lapses in attention and mind wandering (Mason et al., 2007; Weissman et al., 2006) . Our finding of a negative association between subsequent memory strength and activity in default network structures as well as other regions is consistent with these ideas. Participants likely varied from trial to trial in how attentive they were to the words being presented, and this variation affected how successful they later were at recognizing the words. The second finding was that activity in hippocampus, perirhinal cortex, and temporopolar cortex increased with the subsequent memory strength of remembered items (i.e., items with memory strengths of 4, 5, or 6) ( Figure 3) . Interestingly, even though activity in these structures did increase during learning in relation to the memory strength of subsequently remembered items, this activity was no higher than activity associated with subsequently forgotten items (i.e., items with memory strengths of 1&2 and 3). That is, a conventional comparison of activity associated with subsequently remembered and forgotten items did not reveal medial temporal lobe activity. In fact, the activity across all five memory strengths tended toward a U-shaped function ( Figure S2 ). Some previous studies also did not report a difference in medial temporal lobe activity between subsequently remembered items and subsequently forgotten items (Baker et al., 2001; Buckner et al., 2001; Otten and Rugg, 2001a) . One possible explanation for such an outcome is that, for items that were subsequently forgotten, there was substantial mnemonic activity unrelated to the task and that an analysis restricted to the relative strength of subsequently remembered items might have revealed predictive activity in the medial temporal lobe.
We suggest that the U-shaped pattern of activity in medial temporal lobe structures reflects variation in attention to the study words at the time of word presentation. Thus, on trials where the study words were later least well remembered (i.e., study words later given ratings of 1&2), high activity in the medial temporal lobe may indicate that participants gave strong attention to, and subsequently would have had good memory for, mental activity unrelated to the word task and/or that participants were retrieving task-irrelevant information from memory.
Thus, one might expect activity in the medial temporal lobe for subsequently forgotten words to correlate with activity in other brain regions where activity was inversely related to subsequent memory strength. Furthermore, on trials where the study words were later best remembered (i.e., study words later given a rating of 6), high activity in the medial temporal lobe may indicate that participants gave strong attention to, and subsequently had good memory for, the study words themselves. Thus, in this case, one might expect activity in the medial temporal lobe for subsequently remembered words to correlate with activity in other brain regions where activity was positively related to subsequent memory strength. The results of a functional connectivity analysis between medial temporal lobe activity and activity in other brain regions were consistent with this idea ( Figure S3 ).
It is worth mentioning that reaction times during study varied positively with subsequent memory strength. It is important to note that this pattern was qualitatively different from the Ushaped relationship between activity and subsequent memory strength in the medial temporal lobe. Thus, our findings in the medial temporal lobe cannot be attributed to the effect of reaction times during study.
Another issue raised by our findings concerns possible functional differentiation within the medial temporal lobe. One suggestion is that the hippocampus and perirhinal cortex differ in their contributions to recognition memory decisions. Specifically, the hippocampus has been suggested to disproportionately support recollection-based decisions, and the perirhinal cortex has been suggested to disproportionately support familiarity-based decisions (Brown and Aggleton, 2001; Eichenbaum et al., 2007) . The results of some fMRI studies have been taken in support of this distinction (e.g., Davachi et al., 2003; Davachi and Wagner, 2002; Kensinger and Schacter, 2006; Ranganath et al., 2004; Uncapher et al., 2006; Uncapher and Rugg, 2005) .
We tested whether activity in the hippocampus and perirhinal cortex would correlate with subsequent memory strength, and we found that activity in both these structures exhibited a similar linear relationship with the subsequent memory strength of remembered items. Our study did not distinguish explicitly between the effects of memory strength and the effects of recollection and familiarity, so it is possible that perirhinal and hippocampal activity reflect familiarity-based and recollection-based decisions, respectively. Nevertheless, given that the relationship between activity and subsequent memory strength was similar in hippocampus and perirhinal cortex, it seems parsimonious to interpret the finding in each structure in similar ways. Thus, if increasing activity in hippocampus is thought to predict increasing numbers of recollection-based decisions, then it seems reasonable to suggest that increasing activity in perirhinal cortex also predicts recollection-based decisions. Conversely, if increasing activity in perirhinal cortex is thought to predict increasing numbers of familiarity-based decisions, then it seems reasonable to suggest that increasing activity in hippocampus also predicts familiarity-based decisions. We suggest that activity in both hippocampus and perirhinal cortex during learning is predictive of the subsequent memory strength of remembered items, regardless of whether memory is based on recollection or familiarity. We further suggest that quantitative differences in memory strength, not just differences in the quality of memory, are an important determinant of activity in fMRI studies of recognition memory.
EXPERIMENTAL PROCEDURES Participants
Fourteen right-handed volunteers (6 female; mean age, 27.3; range, 18-34) recruited from the University community gave written informed consent prior to participation.
Materials
The stimuli were 720 nouns with a mean frequency of 27 (range, 1-198) and concreteness ratings greater than 500 (mean, 573; Wilson, 1988) . Half the words were assigned to six 60 word study lists, and half the words served as foils for the retrieval test. The assignment of words to the study and test conditions was counterbalanced across participants. 
Procedure
Participants were scanned in six separate runs ($2 min delay between runs), during which the 360 target words were presented (Figure 1 ). Participants made a pleasant/unpleasant rating for each word (2.5 s presentation time). Responses were collected via an MR-compatible button box. Participants were not informed that their memory for words would be tested. An odd/even digit task was intermixed with the word presentation and served as a baseline against which the hemodynamic response was estimated. For the digit task, participants saw a digit (1-8) for 1.25 s and indicated by button press whether the digit was odd or even. Digit task trials (144 trials per scan run) were pseudorandomly intermixed with the encoding trials with the following constraints: each scan run began and ended with at least 12 digit trials, and all digit trials occurred in groups of 2, 4, or 6 so as to fit within the 2.5 s repetition time (TR; see below). Participants were given a short practice block prior to scanning to ensure that they understood the task and the button assignments.
Following scanning ($15 min delay), participants took a surprise postscan recognition memory test. They saw all 360 words from the scan session (targets) and 360 novel foils one at a time (3.5 s per word) in random order. For each word, participants made a recognition confidence judgment on a scale from 1 to 6 (1, ''definitely new''; 2, ''probably new''; 3, ''maybe new''; 4, ''maybe old''; 5, ''probably old''; and 6, ''definitely old''). Before testing, participants completed a short practice block to ensure that they understood the instructions and the confidence rating scale.
fMRI Imaging
Imaging was carried out on a 3T GE scanner at the Center for Functional MRI (University of California, San Diego). Functional images were acquired using a gradient-echo, echo-planar, T2*-weighted pulse sequence (TR, 2500 ms; TE, 30 ms; flip angle, 90
; matrix size, 64 3 64; field of view, 22 cm). The first five TRs acquired were discarded to allow for T1 equilibration. Forty-two oblique coronal slices (slice thickness = 5 mm, 0 gap) were acquired perpendicular to the long axis of the hippocampus and covering the whole brain. Following the six functional runs, a high-resolution structural image was acquired using a T1-weighted, fast spoiled gradient-echo (FSPGR) pulse sequence (flip angle, 12 ; TE, 3.1 ms; 172 slices; 1 mm slice thickness; matrix size, 256 3 256; field of view, 25 cm).
fMRI Data Analysis fMRI data were analyzed using the AFNI suite of programs (Cox, 1996) . Functional data were coregistered in three dimensions to the whole-brain anatomical data and coregistered through time to reduce effects of head motion. Motion events, defined as TRs in which there was more than 0.3 of rotation or 0.6 mm of translation in any direction were eliminated from the analysis (as well as the TR immediately preceding and following the motion-contaminated TR). Behavioral vectors were created that coded each study trial for subsequent recognition confidence rating (i.e., memory strengths 1-6). Trials in which there was no response for either the pleasantness rating task or for the subsequent recognition memory test (mean = 5 per participant) were excluded from further analysis. Due to low rates of high-confidence misses (see Behavioral Results), memory strengths 1 and 2 were combined into a single vector. The five behavioral vectors and six vectors that coded for motion (three for translation and three for rotation) were used in a deconvolution analysis of the fMRI time series data. The resultant fit coefficients (b coefficients) represent activity versus baseline in each voxel for a given time point and each of five trial types (memory strength 1&2, 3, 4, 5, and 6). This activity was summed over the expected hemodynamic response (0-15 s after trial onset) and taken as the estimate of the response to each trial type (relative to the digit task baseline). Functional data were smoothed with a 4 mm FWHM Gaussian filter and spatially normalized using the ROI-LDDMM (Miller et al., 2005) alignment technique (see Supplemental Data and Kirwan et al. [2007] for detailed methods).
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures, a table, and figures and can be found with this article online at http://www. neuron.org/cgi/content/full/59/4/547/DC1/.
